Pseudomonas putida U does not degrade D-glucose through the glycolytic pathway but requires (i) its oxidation to D-gluconic acid by a peripherally located constitutive glucose dehydrogenase (insensitive to osmotic shock), (ii) accumulation of D-gluconic acid in the extracellular medium, and (iii) the induction of a specific energy-dependent transport system responsible for the uptake of D-gluconic acid. This uptake system showed maximal rates of transport at 30 "C in 50 mM potassium phosphate buffer, pH 7.0. Under these conditions the Km calculated for D-gluconic acid was 6 7 pM. Furthermore, a different transport system, specific for the uptake of glucose, was also identified. It is active and shows maximal uptake rates at 35 "C in 50 mM potassium phosphate buffer, pH 60, with a Km value of 8 3 pM.
INTRODUCTION
The great catabolic versatility of bacteria included in the genus Pseudomonas has afforded these micro-organisms an important ecological advantage which has allowed them (i) to colonize new habitats, including those toxic for most micro-organisms, and (ii) to acquire and develop the specific mechanisms responsible for their natural resistance to harmful compounds (Bayly & Wigmore, 1973 ; Collinsworth et al., 1973 ; Dagley, 1975 ; Dunn & Gunsalus, 1973; Fuchs et al., 1994; Galli et al., 1992a; Gibson et al., 1970; Kobal et al., 1973; Lindow, 1992; Lunt & Evans, 1970) . In this respect, the appearance of a new catabolic pathway or the single presence of a specific enzyme involved in the catabolism of a particular compound, could account for the tremendous ecological adaptability shown by these bacteria, and also for the physiological differences among species of this genus and even among different strains of the same species (GaIIi et al., 1992b) . However, although it has been shown that Pseudomonas can use many different molecules as carbon sources (Dagley, 1975 ; Dunn & Gunsalus, 1973 ; Galli et al., 1992b) , some species of this genus are, paradoxically, unable to catabolize single compounds, such as sugars, that are usually degraded by most micro-organisms (MacGregor et al., 1992) . This unusual behaviour could be due to the high catabolic specialization attained by these bacteria during the course of evolution. Adaptation to certain physicochemical or nutritional conditions permits Pseudomonas to survive in such media but, at the same time, the polarization of their catabolic pathways reduces their capacity to grow in other natural (or more common) conditions (Ramos & Timmis, 1987) .
We have previously shown that P . putida U can grow aerobically in a chemically defined medium containing phenylacetic acid (PA) as the sole carbon source (Martinez-Blanco et al., 1990b) . Study of the assimilation of this compound revealed that its catabolism requires the induction of a PA transport system (PATS) which is strictly regulated by PA concentrations as well as by the presence of easily metabolizable sugars such as glucose (Martinez-Blanco et al., 1990a ; Schleissner et al., 1994) . We also observed that the exhaustion of PA from' cultures is considerably delayed when a preferen- On: Sun, 06 Jan 2019 20:14:14 In this study, we studied both possibilities and analysed the metabolic circumstances which cause Pseudomonas putida to transform D-glucose into D-gluconic acid (Fig. 1) . The ecological significance of such catabolic behaviour is also discussed. Enzymic assays. Cell-free extracts of P. putida U were obtained as described previously (Martinez-Blanco et al., 1990b) . The hexokinase, glucose-&phosphate isomerase, glucose dehydrogenase and 6-phosphofructokinase activities in cell-free extracts were determined using the methods of Bergmeyer (1974a, c) , King (1974) and Strecker (1955) . Glucose dehydrogenase activity was studied in membrane preparations obtained as previously reported for similar or for other membrane-bound enzymes (Ortiz et al., 1989 ;  Rodriguez-Aparicio et al., 1988; Troy et al., 1982) .
METHODS
Analytical determinations. Residual D-glucose was measured by the glucose oxidase test (Keston, 1956) . PA assimilation by P. putida was monitored by HPLC (Schleissner et al., 1994) .
Protein determination was carried out by the method of Bradford (1976) and D-gluconic acid was evaluated by the gluconate kinase test (Bergmeyer, 1974b) .
Measurement of ~-[lJ-'~C]glucose and ~-[U-
'~C]gluconic acid uptake rates. Bacteria were cultured for 16 h in MM+PA until PA was exhausted, then D-glucose (10 mM) was supplied to the cultures. Cells were harvested at different times, washed twice with sterile distilled water and resuspended in 50 mM potassium phosphate buffer, p H 6 (for glucose uptake) or pH 7 (for D-gluconic acid uptake). Aliquots of 1.5 ml(1.5 x lo9 bacteria) were placed in 25 ml Erlenmeyer flasks and pre- glucose or D-gluconic acid at the same concentration as indicated above, rapidly filtered through Millipore filters (pore size 0.45 pm) and washed with 2 x 10 ml sterile distilled water. All the washing process was carried out in 20 s. The filters were dissolved in 10 ml scintillation fluid and the radioactivity measured as reported elsewhere (Bergmeyer, 1974b; Schleissner et al., 1994) . D-Glucose and D-gluconic acid uptake rates are given as pmol min-'.
Study of different inhibitors on the two uptake systems was performed by the addition of the inhibitor at the required concentration (usually 1 mM) to the uptake mixture 2 min before substrate addition.
Protein synthesis. Protein synthesis was measured by following the incorporation of ~-[U-'~C]leucine into trichloroacetic acid (TCA)-insoluble material as reported previously (Luengo et al., 1980) . When required, protein synthesis was stopped by adding chloramphenicol, streptomycin or kanamycin to the bacterial cultures. In all cases, the concentration of antibiotic was 75 pg ml-'. Although in some experiments all three antibiotics were employed separately, chloramphenicol was routinely used. Under these conditions, ~-[U-l~C]leucine ceased to be incorporated into protein 15 min after adding the required antibiotic.
Identification and purification of D-gluconic acid from cultures of P. putida. D-Gluconic acid was isolated from cultures of P. putida U as follows. Bacteria were grown in two Erlenmeyer flasks for 16 h (OD,,, 3.4; 3.4 x lo9 bacteria ml-l) in MM+PA after which they were centrifuged (lOOOOg, 10 min, 2 "C), washed twice with sterile distilled water to eliminate the residual medium and resuspended in 500 ml of a solution of D-glucose (10 mM) in sterile distilled water. The culture was incubated in an orbital shaker at 30 "C (200 r.p.m.) and the pH was automatically kept at 7.0 by continuously adding KOH (01 M). Residual D-glucose was measured at intervals and, when all the sugar had been exhausted, the cultures were centrifuged as above. The pellet was discarded and the clear supernatant was filtered through Millipore filters (045 pm pore size). The final volume (450 ml) was frozen (-40 "C) and lyophilized. The solid obtained (905 mg) was dissolved in 30 ml distilled water and centrifuged again to eliminate insoluble materials. The supernatants (28 ml) were dialysed against 1 litre sterile distilled water overnight at 4 "C. This procedure was repeated and the dialysed volumes were mixed, frozen and lyophilized. The purified product was analysed by IR, thin-layer chromatography (TLC) and NMR (see below).
TLC was performed using silica-gel plates. The mobile phase was butanol/acetic acid/water (2: 1 : 1, by vol. 
RESULTS AND DISCUSSION
Pseudomonas putida U is able to grow aerobically in a chemically defined medium containing PA as the sole carbon source (Martinez-Blanco et al., 1990b) . We have previously shown that PA catabolism in this bacterium is achieved through a new catabolic pathway which involves the participation of a specific PATS (Schleissner et al., 1994) glucose disappears from the cultures, exponential growth does not start until glucose has been almost exhausted (Schleissner et al., 1994) . These results suggest that (i) glucose must be transformed into a different compound before being incorporated by the bacteria, or (ii) glucose is taken up by the cells and stored as a reserve compound for later use as a carbon source.
T o clarify which of these two possibilities is in fact used by P . putida U, we performed the following sets of experiments. We first studied the consumption of Dglucose, together with bacterial growth, in cultures of P.
putida grown for 16 h in M M containing PA as the sole carbon source and to which 10 mM glucose was supplied when all PA had been exhausted (Fig. 2) . It can be observed that glucose (evaluated by the glucose oxidase test) was depleted very quickly from the broth even IP: 54.70.40.11
On: Sun, 06 Jan 2019 20:14:14 A, Residual D-gl UCOSe and A, radioactivity in the culture broth.
Results are the mean of three different assays.
though protein synthesis had been stopped with chloramphenicol (Fig. 2b) . Similar results were obtained when streptomycin or kanamycin were used as inhibitors (data not shown). These results indicated that D-glucose was being transformed into a different molecule which is not a substrate of glucose oxidase and that the enzyme or enzyme system required for this conversion was present in the cells (since de novo synthesis of proteins was not required). However, these data did not clarify whether glucose was transformed outside the cell or intracellularly.
We therefore performed the experiment indicated in Fig.  3 . Cells were grown in the same conditions (16 h in MM+PA) and then 10 mM glucose was added to the Erlenmeyer flask designated 'b' (Fig. 3b) , whereas no addition was made to a similar one designated ' a ' (Fig.   3a) . The cultures were incubated for 1 h and were then centrifuged and resuspended as follows : cells from Erlenmeyer flask ' a ' were inoculated into the culture broth obtained from Erlenmeyer flask ' b', while cells from Erlenmeyer flask ' b ' were inoculated into the broth obtained from Erlenmeyer flask 'a'. Fig. 3 indicates that cellular growth was only observed in the culture broth to which glucose had been added (Fig. 3b) , indicating that (i) cells did not accumulate D-glucose intracellularly, and (ii) glucose was transformed by the cells into a different compound that remained in the broth until it began to be catabolized.
To further analyse this effect and to establish the nature of the compound accumulated, 10 mM D-glucose and ~-[ U -~~C ] g l u c o s e (100 pCi) were added to a bacterial culture grown for 16 h in the same medium and conditions as above. Fig. 4(a) shows that whereas D-Glucose catabolism in Pseudornonas putida glucose (evaluated by glucose oxidase) disappeared from the medium, the radioactivity remained in it over the first hour. Later, when the bacteria started to grow, the labelled material also disappeared. However, when chloramphenicol was added to the culture before glucose had been supplied, glucose disappeared but the radioactivity remained in the culture as a consequence of the lack of cellular growth (Fig. 4b) . These data lend further support to the above results and strongly suggest that glucose is transformed extracellularly into a different compound which requires some time to be catabolized.
This molecule was purified from the broths and studied. TLC analysis revealed that the labelled compound reported by different authors (Bendall et al., 1982; Bock & Pedersen, 1983; Milson & Meers, 1985; Tsai et al., 1995) . These data unequivocally demonstrate that in P. putida U, as in other pseudomonads (Lessie & Phibbs, 1984) , the catabolism of D-glUCOSe requires previous oxidation of this sugar to D-gluconic acid (pentahydroxycaproic acid). Fig. 4 suggests that assimilation of D-gluconic acid did not start immediately it was produced since bacterial growth was not observed immediately (Fig. 4a) . This interval (about 1 h) corresponds to the time required for all the glucose to be eliminated from the medium (see Figs 2-4) . It could be speculated that D-glucose could inhibit the degradation of D-gluconic acid and for this reason this compound is not catabolized until the sugar has been completely eliminated from the broth. This assumption is reasonably consistent with the hypotheses proposed by different authors (Kheshghi et al., 1954; Milson & Meers, 1985 ; Stubbs et al., 1940) . However, it is also possible that this delay might be due to the necessity for induction of certain enzymic steps required for the catabolism of D-gluconic acid. To test which of these two possibilities is true, we measured the transformation of D-glucose into D-gluconic acid when different quantities of sugar (10 and 30 mM) were added to the bacterial cultures. Fig. 5 shows that, whereas in the presence of 1 0 m M glucose the catabolism of Dgluconic acid did not start until the glucose had been eliminated, in the presence of 30 mM glucose (Fig. 5b ) the utilization of this acid started before all the glucose had been transformed. These experiments showed that the delay observed was due to the time required for the induction of the proteins involved in the catabolism of the acid and allowed us to conclude that, at least under the conditions reported here, D-glucose does not inhibit the catabolism of D-gluconic acid. genase and a D-gluconic-acid-specific transport system (GOTS). We observed that whereas the GOTS was inducible (see below), the protein responsible for the oxidation of D-glucose to D-gluconic acid was a membrane-bound constitutive enzyme (Ciucu & Patroescu, 1984 ) not sensitive to osmotic shock (RodriguezAparicio et al., 1987) (data not shown). In other pseudomonads (P. fluorescens and P. ovalis) the oxidation of D-glucose is carried out by NAD(P)-glucose dehydrogenases (Hauge, 1966; Jermyn, 1960 ; Milson & Meers, 1985; Wood & Schwert, 1953) . In filamentous fungi (Aspergillus and Penicillium) the formation of Dgluconic acid is also catalysed by a glucose dehydrogenase (Milson & Meers, 1985; Van Dijken & Veenhuis, 1980) . This enzyme is located at the cell surface (Witteveen et al., 1990) , intracellularly in peroxisomes (Van Dijken & Veenhuis, 1980) and also, in some cases and probably as a consequence of mycelial lysis, free in the culture broth (Petruccioli et al., 1993) . Fig . 6 shows that cells grown in M M +PA are not able to transport any D-gluconic acid. However, when glucose was added, gluconic acid was produced and the GOTS appeared. Similar results were obtained when Dgluconic acid was directly added to the cultures (not shown). Study of this uptake indicated that it is an energy-dependent process which is inhibited by 2-and 4-nitrophenol and KCN whereas it is not inhibited by up to 10 mM arsenate (to study the effect of arsenate, potassium phosphate buffer was replaced by water adjusted to pH 7). These results suggest that ATP is not the energy source for this active transport system (Table  1) and it could be surmised that the energy for the GOTS is derived only from the electron transport system. Similar results have been reported in this strain for the PATS (Schleissner et al., 1994) . Maximal uptake rats were achieved at 30 "C in 50 mM potassium phosphate buffer, pH7. Under these conditions the K, for D-gluconic acid was 67 pM and the Vmax was 6000 pmol min-l. D-Gluconic acid uptake was induced by D-gluconic acid but not by other similar compounds, TCA intermediates or sugars. Furthermore, the GOTS was not inhibited by D-glUCOSe even when this sugar was added to the uptake mixture at 5 mM.
Study of the catabolic pathway followed by P. putida U in the degradation of D-glUCOniC acid (see Fig. 1 ) was approached by testing the ability of this bacterium to grow in minimal media containing different carbon sources. We observed that P. putida U was not able to catabolize D-glucose by the glycolytic pathway since labelled D-glucose was not directly incorporated by the cells (see Fig. 4 ). Furthermore, this bacterium was not able to use D-mannose, D-galactose, D-pseudoheptulose, D-XylOSe or D-and L-arabinose as the sole carbon source, neither did it degrade disaccharides such as lactose, maltose and sucrose, whereas it did grow slowly in M M containing D-fructose. The fact that P. putida U was able to catabolize fructose but not glucose suggests either that in the glycolytic pathway a block exists in the glucose uptake system, in the hexokinase or in the reaction catalysed by glucose-6-phosphate isomerase or, alternatively, that fructose is not catabolized by the glycolytic pathway.
We studied these two possibilities and found that once glucose had been added to cultures, a glucose transport system (GTS) was induced (see Fig. 6b ). This uptake occurs through an active transport system ( Table 2) which shows maximal uptake rates at 35 "C in 50 mM potassium phosphate buffer, pH 6 . Under these conditions, the K, and Vmax values were 8.3 pM and 1500 pmol min-l respectively. D-glucose uptake appeared 30 min after glucose addition and the maximal transport rate was achieved 2 h later. When D-glUCOniC acid was added to the cultures GTS was not induced (data not shown). These data are similar to those previously reported for the GTS of P. aeruginosa (Cuskey et al., 1985; Stinson et al., 1977) . In this bacterium D-glucose is taken up by an inducible, active transport system and the K , value is 8 pM (Whiting et al., 1976b) . D-Gluconic acid did not inhibit the transport of Dglucose, indicating that the presence of this acid in the medium is not responsible for the lack of utilization of this sugar. We then assayed hexokinase in cell-free extracts of P. putida obtained when this bacterium was grown in MM + 10 mM glucose. We found that this enzyme was present in the bacteria and therefore the lack of D-glucose utilization cannot be explained by the absence of this enzyme. These results contrast with those reported for Penicillium chrysogenum NRRL 1951 B25, a strain which accumulates D-gluconic acid and lacks hexokinase activity (Sih & Knight, 1956) . Similar results to those reported in filamentous fungi have been described for Azotobacter vinelandii (Mortenson & Wilson, 1954) and in P. fluorescens (Wood & Schwert, 1954 ).
Finally, we studied the third enzyme glucose phosphate isomerase (King, 1974) . We detected only traces of this enzyme in cell-free extracts of P. putida U even when this bacterium was cultured in MM + 10 mM glucose. These data might explain why glucose cannot be efficiently catabolized through glycolysis. Furthermore, we assayed 6-phosphofructokinase and we were not able to find this enzyme in cell-free extracts of P. putida U grown in glucose or in fructose. The lack of this key enzyme of the Embden-Meyerhoff pathway (Conway, 1992) suggests that this bacterium does not metabolize glucose to triose phosphate via this route. Similar results have been reported in P. aeruginosa, P. doudorofii and in other pseudomonads (Lessie & Phibbs, 1984) .
The above data suggest, that among all the possible pathways that can be used by different microbes to catabolize gluconic acid (see Fig. l) , only the pentose phosphate pathway or the Entner-Doudoroff pathway can be employed by this micro-organism. However, we observed that P. putida was unable to catabolize pentoses such as L-or D-arabinose, D-xylose and Dribose (data not shown). Similar results have been reported in different pseudomonads (Quay et al., 1972; Matsushita & Ameyama, 1982; Duine et al., 1986; Hardy et al., 1993) . Thus, P. putida and other pseudomonads can oxidize xylose via a pyrroloquinoline quinone-dependent glucose dehydrogenase, but the product xylonate cannot be metabolized. Therefore, these organisms cannot grow on xylose, but can derive energy from its oxidation (Hardy et al., 1993) . In P. putida it is possible that the pentose phosphate pathway is nonfunctional although a block on pentose uptake cannot be excluded. We therefore conclude that the degradation of D-glucose via D-gluconic acid most likely follows the Entner-Doudoroff pathway, as has been reported for other micro-organisms (Lakshminarayana et al., 1969 ; Ornston, 1971 ; Elzainy et al., 1973 ; Vicente & Canovas, 1973; Eisenberg et al., 1974; Whiting et al., 1976b; Lessie & Phibbs, 1984) .
From the above data it can be inferred that P. putida U is unable to catabolize D-glucose by the glycolytic pathway and that this bacterium oxidizes this sugar to gluconic acid, which is accumulated in the broth before being taken up and catabolized. This special catabolic behaviour affords this bacterium certain ecological advantages since rapid glucose oxidation prevents the sugar from being used by competitors. Thus, as a result of what was initially a metabolic requirement, P. putida U has managed to achieve a metabolic advantage that increases its survival potential in the biosphere.
